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Accommodation of Misfit in Heterostructures
with Continuous and Island Films

By
E. M. TRUKHANOV

An cquation is derived for the equilibrium dislocation configuration in a slip plane with a stress
distribution depending on a single coordinate. The equation allows to determine the critical film
thickness at which dislocations are first formed in various heterostructurcs. Critical thicknesses
are discussed for systems with a continuous film, with a scmi-infinite film, bounded by a straight
cdge, and with a series of parallel strips on the substrate surface. The theoretical data arc in
agreement with the observed ones for continuous films. They are confirmed by experimental
results for the heterostructure with a discontinuous film. The peculiarities of stable and unstable
equilibrium dislocations are diseussed for the mentioned heterostructures.

Haiizeno ypaBHeHue pannoBecHON JUCIOKANMONHON KOHQUIYPALMH A5 CIydas, KOrga
CABUIOBOE HAIPsUKeNne B INIOCKOCTH CKOJL:KCHWA 3aBUCHT OT OJHOI ITEpPCMCHHOIL,
JlanHoce ypaBHCHHC TO3RBOIAET OMPEICTATH KPUTUYECKYIO TOJNINHY TJIEHKH LpPU BO3-
HURITOBEHUM JIMCAORAINIT B Pa3JauuInIX eTPYKTYpax, Onpefeaena RPUTHUCCKAA TOJMILUHA
B CAYy4YaAX CIVIOWHON IIEHKH, Toay0ecKOHeuHoll TIIenniu, orpaHuuyedHoil OMMHOYHEIM
LIPAMOJTHHEIHBIM KpaeM U 1A TPYIIBL NAPANIeILHRX T0J0COK 1NeHKH. Teoperndeckme
Pe3yAbTATHEl COIVIACYIOTCSI €¢ M3BECTHBIMH JISI CTPYKTYP €O CIJIOINIBIMUA TIIeHKAMHI W
HOATBEPHJICHB HKCICPUMCHTATILHO JIIA TETePOCTPYKTYPBL € TEeCTIONIHOIL IIeHKOIl,
AT pasanyHpIX TeTepocTPYRTYP 00CyH/1aloTesa 0COO0eHMHOCTH YCTOIUMBRIX M HEYCTOM-
UNBEIX PABHOBECHBIX OHUCTOKALMU,

1. Introduetion

Misfit dislocations are widespread defects in heterostructures with continuous films.
In heteroepitaxial structures they arise due to the difference in lattice parameter f
of juxtaposed materials [1. 2]. In systems with amorphous layers f is equal to a relative
size misfit of a film and substrate taken along the interface [3 to 5]. The critical condi-
tions for the formation of the misfit dislocations have been investigated in all detail
11 to 8].

In addition to the misfit dislocations in heterostructures with island films the dis-
locations caused by an inhomogeneous stress distribution near film edges appear. In
the literature they are referred to as emitter edge [9], stress-jumping |10], boundary
[11], and other dislocations. The glide mechanism of these dislocations |11 to 13] as
well as their stable equilibrium dislocation configurations (EDCs) [8, 13 to 15] have
been investigated theoretically and experimentally. However, the existence of critical
configurations for their formation has been proved only experimentally [16 to 18]
without any theoretical considerations.

1) Akad. M. Laurentev Prospekt 13, 630090 Novosibirsk 90, USSR.
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In the present paper a more general expression than the known one is derived for
the critical film thickness of heterostructures with continuous and island films. Theo-

retical and experimental results are compared for discontinuous films such as SigN,
on Ge(111) substrates.

2. Theoretical Considerations and Results
2.1 Derivation of the main equalions
If Peierls stresses are neglected, the expression
B = W{(br,) : (1)

is known to hold true at the points of EDCs [8]. Here R is the radius of the dislocation
curvature, W the dislocation energy per unit length, b the magnitude of the Burgers
vector b, 7;, the resolved shear stress along b in the slip plane. If y() is the equation
describing the equilibrium shape of a glide dislocation, then taking into account the
dependence of R on y'(x) and y”’(z), one obtains

we_ <kl (PRI by 4
- L . (2)

Y

It 20y is the slip plane, then in general 7, is a function of « and y. But in some cases
the dependence on one of the variables vanishes. This is the case for heterostructures
with continuous tilms and for heterostructures with discontinuous films if the trace
of the slip plane with the surface is parallel to the film edge. The analysis will now be
carried out on the assumption that r,, depends only on x and that W remains constant.
Not restricting the general character of our considerations one can assume that the

curve y(x) passes through the origin of the coordinate system. Using the initial condi-
tions #(0) — 0 and %'(0) = k one obtains

T &
b o [ F2 —~1/2
) =+ [ {|() [0 2 30 el ®
0 0

by separating the variables. For further analysis we necd the following funection of
y'(x):

&

[/ (2)]2 = [(%) f w4 TR 1)—1:2]‘2 i -

0

Two curves (3) corresponding to the different signs before the term (A2 - 1)=1/2 meet
the initial conditions. In the vicinity of zero they are located on each side of the com-
mon tangent. The curve given by (3) has a tangent parallel to Oy at the point z*, y(x*)
if [y'(x*)]* = 0, ie,

*

b|f mp(e) de + W2 4 1)~12| = W . (5)
0
For the initial conditions »(0) = 0, ¥'(0) =
b|f7y(x) da| — W . (6)
0

If 7\,(2) = 7y,(—=a) and the level of stress is rather large, then the curve satistying (6)
is a closed loop with the largest size 22* along Ox and 2y(x*) along 0y. The dislocation
shape satistying (5) is closed, when the values y(#%) and y(a¥) are equal at a* < 0
and x¥ > 0. If stresses are rather large onc can find % in order to get such EDC.



Accoemodation of Misfit in Heterostructures with Continuous and Island Films 439

Equation (5) is derived for the first time, A particular case (6) was considered earlier
[2 to4] where the forces acting on dislocation segments were analysed.

Using (5) and (6) we shall first consider the problem of the critical conditions for
heterostuctures with continuous films discussed also elsewhere [1 to 4] and then we
shall be concerned with the original results for structures with discontinuous films.

Furthermore the elastic constants of film and substrate will be assumed to be the
sanie.

2.2 Formation of equilibrium configurations in systems with continuous films

Here the coordinate planes for the film (2,0,y,) and for the substrate (x,0,y.) coincide
with the slip plane (Fig. 1), and the axis of ordinates is the intersection of the slip plane
with the free surface of the film (04y,) or of the substrate (0,y,). We shall discuss the pro-
blem for dislocations, reaching the free surface of the film or of the substrate since this is
usually the case. If the film thickness his much less than the substrate thickness H, then
in the film the stress 7,4 and the deformation g, are independent of the distance from the
surface. Therefore, the equilibrium configuration y4(x,) is a circular arc reaching the
point 0. The critical film thickness 2§ at which misfit dislocations are first formed by
Yalx,) is determined by the condition |y'(x)]™ = 0 at x = h/sin 0, i.e. the interface is
the plane tangent to 0;,MN arc (Fig. 1). Here 0 is the angle between the slip plane and
the interface. The value * = h/sin 0 must meet (5) or (6) depending on the magnitude
of 1a(0).

In the substrate the stresses 1), vary from the maximum valuez), (max) Near theinter-
face x, = H|sin ) to the value —7y(max)/2 at the free surface, being zero along the neu-
tral surface x, = H /(3 sin ). Since the signs of the stresses 7;, are opposite in the film
and in the substrate near the interface one can assume 7, — 0 at the interface, i.e.
tha(f/sin ) = 74(1[sin 0) = 0. Thus the straight line » = hjsin 0 satisfies (2) and
when thefilm thickness kg is eritical, the sectionsO M and NM (Fig. 1) glide to the oppo-
site directions and pull the equilibrium misfit dislocation M;M,. This dislocation is in
a stable equilibrium state as its small displacement from the interface into the film
or substrate gives rise to an opposing force. With the exception of M, and M, points
the 0,M; and N;M, gliding sections are in an indiffcrent equilibrium state. As the

Fig. 1. Scheme of equilibrium configurations of a heterosystem with a continuous film. 2404y, coor-
dinate system for film dislocations, 20y, for substrate ones; M,M, and 4 misfit dislocations in
the interface, PP, and 2 straight discolation parts in the neutral surface
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function 7,(x) is discontinuous at & — h/sin 0, the dislocation is in a nonequilibrium
state at the points M, and M,.
x*
Allowing for the assumption W = const (see Section 2.1) one can scc that [ 7,,(z) da
0

is the force acting on the gliding scction F, (Fig. 1) and W is the force of the line ten-
sion (F;) of M;M,. Since at the critical film thickness I, — I";, the formation of M;M,
is determined by (6), and NM and 04M are normal to the trace of the slip plane on the
surface and 0,MN is a semicircular dislocation. It the length of 0,MN were supposed
to be smaller than @ 2, then the pulled misfit dislocation M;M, would be in a metastable
cquilibrium state. Using (5) one can show that the energy gain equals Wk(k2 + 1)—1/2
when the metastable dislocation passes through the free surface.

Note that if &~ > kg, the radius of an unstable equilibrium half-loop is smaller than
h/sin 6, and the equilibrium mistit dislocation is formed by nonequilibrium gliding
sections.

In [2] Matthews has compared the values h¢, determined from the equilibrium of
forces acting on the dislocation (599 (15) [2]) with those determined from the energetical
analysis of the dislocation arc generated at the film surtace (se: (24) and (25) [2]).
The equations correlate well for the semicircular arc, which is in agreement with our
results.

In the substrate ti(H /sin 0) = 135| H/(3 sin 0)] = 0. Thus, there are two critica
film thicknesses [3 4]: hgy — for the formation of misfit dislocations by EDCs 9 (z,)
with [y'(H[sin 0)]7* = 0 and [y’ (H/(3sin6))|~ - 0 (Fig. 1) and kg — for the formation
of straight dislocations in the neutral surface by y(z,) with [y (I /(3 sin 6))]~2 = 0.
The stable misfit dislocation @ — I [sin 6 is formed at the film thickness A, when the
sections O,AB and DCB (Fig. 1) are in the indifferent state and glide to opposite direc-
tions. The peculiaritics of the process are similar to those taking place during forma-
tion of the misfit dislocations by the film dislocations.

When % > kS the equilibrium half- loop 0.EG (Fig. 1) contains the point E with the
abscissa ¥ < H /(3 sin 0) satistying [¢'(x*)]~ % = 0. One can show that y(x*) tends to
infinity when «* tends to H/(3 sin 6). The function 7, () is continuous in the vicinity of
the neutral surtace, thus an accurate analysis of the formation of the straight disloca-
tion segments is possible. But here we use the previously discussed simplified model:
in the indifferent equilibrium state the sections 0,P and P;T (Fig. 1) glide in opposite
senses and form the straight stable dislocation part PP,.

Note that at kg, the dislocation configurations with sections 1 and 3 (Fig. 1) pulling
the stable straight part 2 in the nentral surface and the stable misfit dislocation 4 are
possible, too [3, 4]. Section 1 is in an indifferent equilibrium state. Section 3 and the
dislocation picce in the vicinity of point Q are nonequilibrium. Just as the y4(x4) are,
the equilibrium configurations y.(x,) and ye(x,) and the equilibrium section 1 make
right angles with the ordinate axes.

To derive the equations for the discussed critical thicknesses we &Ssume sd =
Thus 740 = 2G(1 + ) feosAsin /(1 —») in the film [8]. Tyeman = (1 + ) X
X 8Gfh cos A sin 0/[H(1 — »)] in the substrate near the interface, and rhs(x)
= 3XThs (max) SIN 0/(2H) — Themax)/2 at any point of the slip plane. Here (¥ is the shear

modulus, v the Poisson ratio, 4 the angle between b, and the projection of Ox on the
interface. Using these equations and (6) one gets

hi = hg = W(L — v)/[2G(1 - v) bf cos 1] , (7)
hée = 3W(1 — »)/[2G(1 - ) bf cos 1] . (8)



Accommodation of Misfit in Heterostructures with Continuous and Island Films 441

Equations (7) and (8) are in agreement with the equations derived in [3, 4].

2.3 Equilibrium dislocations in substrates with discontinuous films

The slip plane will now be parallel to the interface. The coordinate plane 20y coincides
with the slip plane in such a way that Oy may be the projection of the film cdge
(Fig. 2a, 3a).

2.3.1 Heterostructures with semi-infinile film bounded by a straight edge

In this case the stresses 7 (v) = 7,(—=) (Fig. 2b). Therefore, we shall consider EDCs
satisfving y'(0) = 0. Later this assumption will be explained. If at some h°7{(x) is
known. then at any h the stress distribution 7, (x) is expected to he

(@) h
rle) = 2L (9)

The analysis of the dependence of the energy on R, considered in |8, gives the dircet
relation between R and 7, for the stable equilibrium state and the inverse relation
for the unstable one. By using (6) and (9) one can find the finite 2* at a rather large
and get closed EDC y(x) (Fig. 2a) which is in the unstable state as far as #* decreases
with the growth of %.
The critical film thickness at which the closed unstable loops appear under the
tilm edge is determined by a* = co. Thus it is (see (6) and (9))
Tho
. . (10)
b | 7i(x) da|
0

It remains to study the dependence of A® on f. If the film edge effect (Fig. 2e) is
substituted by a concentrated line force o4k tangential to the interface and normal to
tilm edge, then the shear stresses [19, 20]

‘ il
Gy e (1)

(#* + zfn)?
where 0, 1s the normal stress in the film, z;, the distance between the interface and the
slip plane. Equation (11) turns to 0 at Oy which is at variance with the experimental
results [13] and accurate numerical calculations [21]. Even so, the distortion is as-
sumed to make small alterations in the integral. Using (6), (11), and expressions

oy =Ty b8 AL
B 2Gf(1 + ») ¢
gy = _(1ﬁ’ (12)
one gets
g . TH =) (13)

G(1 + v) bf cos A

for any z;,. The dependence of A® on z,, is determined by W(z;,) and the inverse de-
pendence of A¢ on f is explained to be the direct relation between 7, and f for any
tixed x. I't is scen that £¢ determined by (13) is twice as high as that determined by (7)
at the same parameters of heterostructures.
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Fig. 2. Heterostructure with a semi-infinite film. a) The unstable equilibrium substrate disloca-

tion y(x) gliding under the straight edge of the film; b) distribution of the stress component 7,(z)
in the slip plane

Fig. 3. Heterostructure with infinitely long bands of a film and open substrate surface. a) Scheme
of bands, b) distribution of the stress component 7y(z) in the slip plane parallel to the interface,
¢) equilibrium dislocation loop with gliding sections C,0A and A,BC which pull straight dis-
location parts AA, and CC,

2.3.2 EDCs in substrate with “zebra film”

The heterosystem will now be a series of parallel film strips separated by open sub-
strate surface strips (Fig. 3a). Oy is the projection of any film edge. If the width of
the film strip (pa) is not equal to the one of the substrate strip (p,), then taking account
of the stress distribution (Fig. 3b) one can write

zao dz s}u

I 7y,(x) dar| == | I Ty(x) da] . (14)

IFor a rather laJrge } there are a3 and aF (—py/2 < % < 0 < a¥ < p,/2) satisfying
[y'(23)]7% = |y’ (#¥)]™% = 0 and the closed unstable dislocations loops exist within
the range of —pd/Q < 2 < p,/2. The loops will expand and in a nonequilibrium state
t-hey will form the straight dislocation parts along @« = —py/2 and x — p_/2 lines. As

—pa/2) = 13,(ps/2) = 0, the straight parts are in equilibljum Their stdtes are
stable just like the states of parts 2 and 4 in Fig. 1. When 2% — —p,/2 and «F — p,/2,
the value & tends to the critical thickness h® which is determined by the conditions
[9'(—pa/2)]72 = [y’ (p/2)]2 = 0. So far as p, & py, the demand for b— y'(0) = 0 is
not sound. Using (5) and (9) one can show that two sets of simultaneous equations

= 2

a2

}bb 2 12
(ﬁ)u o(x) d | + WE(E: 4 1)-12 = W

0
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ps/2
(}?ﬁo) | f i(a) dw% F Wk - 1)-2 = W B
0

are valid for the critical values of /& and k. In the sets the upper or lower signs before
the terms Wh(A? - 1)~12 ghould be taken in pairs. The critical value of A is deter-
mined by
2Whe
A = - o (16)

—pa/2

'sfz
o1 ] i) dai + |’:{ w0(a) da)

or any set of (15). The sets (15) have two roots of k:
Jd 2

/2
k= 4k = 4 [(2Wh92/(hb | j Th(2) dx| — hoh| p_[ Tp(x) dz |)2 — 1]722,
0

(17)
According to Section 2.1 conditions y(0) = 0 and %’(0) = +k give four EDCs.
One can show that only two curves have tangents with both x = —p,/2 and x = p,/2

lines. The section of one of them is shown in Fig. 3¢. Tt is C,0A satisfying #(0) = 0
and y'(0) = k¢. If the origin of the coordinates is supposed to be at the point B, the
curve A;BC will satisfy the conditions y(0) = 0 and y'(0) = —k¢. Just like the forma-
tion of straight dislocations at the substrate neutral surface (see Section 2.2), their
formation in the middle of the strips is discussed within the framework of the simplified
model. The loops consist of the two straight dislocation parts AA; and CC; and of the
two sections AOC,; and A;BC (Fig. 3¢). The sections can glide in opposite directions
and elongate the btm]ght parts. The sum of the left-hand sides of (15) is the force

Psf2
Fe = (hb[h%) [ w1(x) dc which acts on the gliding sections (e.g. A;BC in Fig. 3¢) and
paj2
the sum of the right-hand sides of (15) is the resultant force of the line tension of

parts AA; and CC, (F, = 2W). As the sums are equal, the force equation F, — F,
takes place and the sections A;BC and AOC, are in an indifferent equilibrium state. If
the straight dislocation parts appeared at h < k¢ they would be in the metastable
state and the annihilation of neighbouring parts would decrcase the energy of the
system (F, < F,),

It is evident from (17) that at p; = p, = p the value of k¢ is equal to 0 and EDC
is symmetrical with respect to Oy. As it is true for p — oo, the assumption k¢ =
taken in Section (2.3.1 for the estimation of A¢ in the case of a continuous film with a
single straight edge is clear.

So we have determined the critical film thickness for the heterostructures with

“zebra films™ by starting the formation of stable strcught dislocations in the strips.
The existence of clogsed qtablo EDC 1s impossible in heterostruetures with infinitely
long bands. They appear in the case of rectangular islands [8, 13] or more comphcated_
patterns of the discontinuous film. In heterostructures with ‘“zebra film” unclosed
stable dislocations can be formed by initial dislocations of the parent substrate crystal
at h < h°. But this question will be discussed elsewhere.

2.3.3 Estimation of critical discontinuous film thickness

The results of [13, 14] were used for an experimental verification of the theory. Dis-
locations appeared in Ge substrate under rectangular Si,N, 4 SiO, islands (Fig. 4)
[14]. We used (16) as far as islands were elongated. Single straight d:qlocatmnq and
their groups (see arrows in Kig. 4) are shifted from the band middles due to a small
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Fig. 4. X-ray topograph of Ge-Si,N, - SiO,
system with dislocations gliding in plan-
es (111) roughly parallel to the interface
[14]. The single straight dislocation part and
groups of the parts are denoted by arrows

niisorientation between (111) and the
interface. (This effect allowed the nor-
mal stresses to be calculated [13]).
To estimate h° by (16) we used
W = 1.1Gb¥1n (¢/b) |- 1]/(4m) 8], G =
54 x 10 N/m?, b — 0.4 nm, the mid-
dle depth of the dislocation position r
= 9 ym and the experimental curve
() givenin [13] for A = 0.12 pm, py
— 120 and p, — 104 pm (see Fig. 4).
0 0

One can get | [ 7p(x)dw| 4| [ 7h(x)
pafz psf2

ds| = 4 ¢ 9= r‘N[m and h¢ L 0.15
pm, which is about A°. According to
Fig. 4 and the data of [13] the dislocati-
ons have not appeared under some is-
lands. Thus, the used film thickness is
really close to the critical one.

Though the expressions obtained are approximate, they permit us to understand the
main features of the dislocation structure formation. If we had an accurate equation for

Tzas

we should have derived the more correct dependence of the critical film thickness on

the slip plane depth zi,. To study the nonequilibrium configurations, the metastable
dislocations at the precritical film thickness, and other peculiarities of EDCs, it is

necessary to carry out “‘in situ” experiments.
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